We investigate the steady-state cooling dynamics of vibrational degrees of freedom related to a nanomechanical oscillator coupled with a laser-pumped quantum dot in an optical resonator. Correlations between phonon-cooling and quantum-dot photon emission processes occur respectively when a photon laser absorption together with a vibrational phonon absorption is followed by photon emission in the optical resonator. Therefore, the detection of photons generated in the cavity mode concomitantly contribute to phonon cooling detection of the nanomechanical resonator.
I. INTRODUCTION
The nanomechanical resonator (NMR) is a relevant tool for building ultra-sensitive measurement devises [1] [2] [3] . Therefore, its properties were and are continuously investigated. Outstanding works towards NMR cooling to quantum regimes were already reported [4] [5] [6] [7] [8] [9] [10] . An important issue here is how to detect experimentally the mechanical vibrations of the NMR. One option is the superconducting quantum interferometer where the vibrations of the NMR are detected via variation of the magnetic field [11] . The mechanical vibrations can be detected as well via a single-electron transistor which is extremely sensitive to electrical charges [12] . Additionally one can use interference effects among the incident light on the NMR and the reflected one [13] . Furthermore, high-sensitivity optical monitoring of a micro-mechanical resonator with a quantum-limited opto-mechanical sensor was reported in Ref. [14] , while fast sensitive displacement measurements in Ref. [15] , respectively. Remarkably, the quantum motion of a nanomechanical resonator was experimentally observed in [16] . The possibility of real time displacement detection by the luminescence signal and of displacement fluctuations by the degree of second-order coherence function was recently demonstrated in [17] .
Here, we look for a regime where cooling of a nanomecanical oscillator is correlated with emission processes such that the maximum photon detection corresponds to vibrational phonon minimum. For this, we investigate a laser-pumped two-level quantum dot which is fixed on a nanomechanical beam while suspended in an optical resonator (see Fig. 1a ). If the quantum dot dynamics is faster than that of nano-beam and cavity dynamics, respectively, one arrives at a situation where laser photon and phonon absorption processes are accompanied with photon emission in the cavity mode (see Fig. 1b ). Therefore, the cavity photon detection assures the cooling of the nanomechanical resonator.
The article is organized as follows. In Sec. II we de- * Electronic address: macovei@phys.asm.md scribe the theoretical framework used to obtain the master equation characterizing the correlated cooling dynamics of nanomechanical degrees of freedom. Section III deals with the corresponding equations of motion and discussion of the obtained results while the Summary is given in the last section, i.e., Sec. IV.
II. THEORETICAL FRAMEWORK
Let's consider a setup represented in Figure ( 1a): Inside an optical resonator is placed a NMR incorporating a laser pumped two-level quantum dot. The laser beam wave-vector is k L while its frequency is ω L . The frequency of the optical resonator is ω C and the nanomechanical vibrational frequency is ω. The energy separation between the excited bare-state |e and the ground one, |g , is denoted by ω 0 . The master equation describing the whole system in the Born-Markov approximations and in a frame rotating at the laser frequency ω L is: where S z and S ± are the qubit operators satisfying the standard commutation relations, while {a † , a} and {b † , b} are the generation and annihilation operators for photon and phonon subsystems, respectively, and obey the boson commutation relations [18] . γ and γ c are the singlequbit spontaneous decay and dephasing rates, respectively, whereas κ a (κ b ) is the photon (phonon) resonator damping rate, andn is the mean-phonon number corresponding to temperature T and vibrational frequency ω. The Hamilton operator, i.e. H, is given by the following expression:
In Eq. (2), the first three terms describe the free energies of the artificial two-level system as well as of the optical and mechanical modes. The fourth and the fifth terms characterize the interaction of the quantum dot with the laser field and optical resonator mode, respectively. The last term takes into account the interaction of the vibrational degrees of freedom with the radiator [4] . Correspondingly, g and λ denote the interaction strengths among the two-level emitter and the involved optical and mechanical modes, while Ω is the corresponding Rabi frequency due to external laser pumping. ∆ = ω 0 − ω L describes the detuning of the laser frequency from the two-level transition frequency, while ∆ 1 = ω L − ω C accordingly is the detuning of the cavity frequency from the laser one. For our purpose, it is more appropriate to use the laserqubit dressed-state representation given by [19] : |g = sin θ|+ + cos θ|− and |e = cos θ|+ − sin θ|− , with |+ and |− being the corresponding states in the dressedstate picture. Here, 2θ is the angle in the right triangle, drawn in imaginative space of frequencies, with adjoining cathetus ∆/2 and opposite cathetus Ω, and, therefore, cot 2θ = ∆/2Ω. In the case when Ω ≫ {γ, γ c } ≫ κ a,b while Ω ≫ {g, λ} > {γ, γ c }, meaning that the dynamics of the cavity photon and NMR phonon subsystems are slower than the quantum dot dynamics, one can eliminated the quantum dot variables (see also [19] [20] [21] [22] ). Thus, the master equation describing the cavity and NMR degrees of freedom can be represented as:
Here " * " means complex conjugation, whereas
gλ sin 2θ cos 2θ Γ − i∆ 1 ,
gλ sin 2θ cos 2θ Γ − iω .
Other parameters are: 
, and
In Eq. (3), B * i can be obtained from A * i via P ∓ ↔ P ± as well as by adding κ a to B * 1 and κ b to B * 2 , correspondingly. Respectively, D * i can be obtained from C * i through P ∓ ↔ P ± , and {i ∈ 1, 2}. Notice that in obtaining Eq. (3) we have ignored rapidly oscillating terms at frequencies: ±2∆ 1 , ±(∆ 1 − ω) and ±2ω, that is, we are interested in a situation where ω ≈ −∆ 1 .
III. RESULTS AND DISCUSSION
In the following, we shall describe the steady-state correlated cooling dynamics of the vibrational degrees of freedom. Actually, adjusting the laser frequency to fulfill the condition ω + ∆ 1 ≈ 0, one shall look at situations when simultaneously photon laser and vibrational phonon absorption processes are accompanied by a photon emission in the cavity mode, see Figure (1b) . Using the master equation (3), the following equations of motion can be obtained for the mean photon and phonon numbers, respectively: (2) and (3) show the steady-states of the cavity mean-photon number, and the vibrational NMR mean-phonon number, respectively. As it was mentioned before, the maximum photon detection corresponds to NMR phonon minimum around ∆ 1 + ω ≈ 0. Furthermore, the quantum cooling is still efficient while increasing the temperature, i.e.n. These behaviors can be understood also by taking into account that for certain positive laser-qubit frequency detunings the qubit population is mostly in the lower dressed-state |− . This means that the phonon generation processes are minimized while phonon absorption followed simultaneously by photon laser absorption processes are accompanied by photon emission in the cavity mode. Therefore, the cavity maximum photon detection signifies also minimum of the vibrational quanta, that is, the cooling detection of the NMR vibrational degrees of freedom. Notice a small shift between photon maximum and phonon minimum detections for arbitrary larger qubit-cavity and qubit-NMR coupling strengths (see, also, Eq. 5). Finally, efficient cooling occurs as well for uncorrelated regimes of phonon-photon detection processes, i.e. when ∆ 1 + ω ≫ γ (while correlated regimes occur for ∆ 1 + ω ≪ γ). However, in this case, i.e. uncorrelated regime, it is hard to manage to have maximum photon cavity emission corresponding to vibrational NMR phonon cooling processes simply because these processes are uncorrelated.
Based on Eqs. (4), Figures
In what follows, we shall represent approximative analytical expressions for the variables of interest in the steady-state. This will help to understand the behaviors shown in Figs. (2) and (3) . If one performs further approximations {∆ 1 , ω} ≫ Γ , 2Ω R ± ∆ 1 ≫ Γ ⊥ and 2Ω R ± ω ≫ Γ ⊥ , the master equation (3) simplifies considerably, namely,
